Laser oscillations have been produced in large crystals of Nd' +.-doped Ca5(PO 4 )3F (the mineral fluorapatite, whence the coined name FAP) at room temperature under both tungsten lamp and flash lamp excitation. The laser tests show that FAP: Nd crystals have four times greater gain per incident pump energy and over one and a half times greater differential (slope) energy efficiency than equal size YAG: Nd crystals. The fluorescence, excitation, and absorption spectra of FAP: Nd are partially polarized, as expected for Nd3+ substituting Ca ii sites of Ch symmetry. The fluorescence lifetime is 0.24 msec at 300'K. Laser oscillations occur at 1.0629 At in r polarization (El 1c), which has 2.6 times the gain of o polarization (E Ic).
Introduction
Laser oscillations have been observed from a large number of crystals doped with neodymium ions. ', 2 However, only crystals that have some technological application have been studied extensively, e.g., yttrium aluminum garnet (YAG),3 calcium tungstate, 4 and recently yttrium vanadate.A Crystals of YAG: Nd, since they provide a good combination of laser properties (low threshold and high efficiency) and optical, thermal, and mechanical properties, have been extensively used in our work as a standard with which to compare other Nd3 +-doped crystals.
This paper presents the optical spectra and laser performance of a new neodymium-doped crystal, calcium fluorophosphate [Ca5(PO 4 )3F] ( Ref. 6) . The host crystal has the mineral name fluorapatite, from which we coined the name FAP. This material is distinguished by its high gain per incident power, its high output efficiency as shown in pulse laser tests, and by the fact that crystals of large size can be grown.
In principal, the laser characteristics, such as threshold power, gain, and efficiency, of a material can be theoretically predicted from its fluorescence and absorption properties. However, in actual practice, two major difficulties occur which make such a calculation unattractive. The absorption spectrum of Nd' +, especially in an anisotropic material, is complex, which makes it difficult to calculate the total absorption of radiative power from a pumping source. Furthermore, the unpredictable internal losses of the laser material may be significant in determining its laser characteristics.
In order to overcome these difficulties partially, we have tried to evaluate the laser performance of FAP: Nd by comparing its properties with those of YAG: Nd. This was done by measuring and comparing the spectroscopic properties of these two materials, predicting their relative gain per unit population inversion, and then comparing their laser performance under as nearly identical conditions as possible.
In succeeding sections we report on the crystal growth of FAP, some of its crystallographic and physical properties, the spectroscopic properties of Nd 3 +-doped FAP, the results of pulse laser tests at room temperature, including threshold, efficiency, and scattering data, and observations of continuous laser oscillations at room temperature.
Crystal Growth
Neodymium-doped fluorapatite is at best a quaternary system consisting of neodymium, calcium, phosphate, and fluoride ions, yielding the general composition Ca 5 -3,/ 2 Nd,(PO 4 )3F . Johnson 7 has been successful in pulling large crystals of fluorapatite, pure and manganese doped, from the melt using the Czochralski method. Following a similar procedure, details of which are reported elsewhere, 8 we have pulled large (up to 25-cm long) crystals of FAP: Nd of high optical quality. The compound is congruently melting although the width of the phase field is relatively small. The melt is contained in iridium crucibles heated by 10-kHz power. An argon atmosphere protects the crucibles from oxidation. The temperature at the surface of the melt during growth is held at 1705'C as determined by optical pyrometer readings uncor- rected for emissivity. Pull rates of 3-8 mm/h are used, and the seed crystal is rotated between 30-100 rpm.
Since Nd3+ substitutes for Ca 2 + in the crystal, some type of charge compensation is required. Although we have used alkali metal ions as charge compensators, most crystals have been grown without purposely introducing a charge compensating ion. Charge neutrality in that case is maintained during crystal growth by a selfcompensating mechanism such as the creation of calcium vacancies or the substitution of oxygen ions for fluorine ions. No differences were observed in the fluorescence spectra or in the laser properties whether or not the crystals were ion compensated or allowed to self-compensate. Analysis of the self-compensated crystals showed that they contained a neodymium concentration that was 52% of that of the melt.
Crystallographic and Material Properties
The structure of apatite has been known for many years. 9 It has a hexagonal space group P63/m (C6h 2 ) and has two molecules of Ca5(PO 4 )3F per unit cell. The F-ions lie in columns parallel to the c axis. Each F-ion is in the center of an equilateral triangle of Ca 2 + ions, the plane of the triangle being a mirror plane perpendicular to the c axis. Sixty percent of the Ca2+ ions are in these sites, called Ca ii sites, adjacent to F-. The Ca ii sites have C 7 , point symmetry and have nine near oxygen neighbors* in addition to fluorine. The remaining 40% of the Ca 2 + ions are at Ca sites having C point symmetry. These Ca I sites have six near oxygen neighbors with three other oxygen ions slightly further away. t Trivalent neodymium probably substitutes at a calcium site; polarization data reported below are consistent with Ca ii site substitution.
Some of the material properties of Nd'+-doped calcium fluorophosphate are listed in Table I . The thermal conductivity of YAG:Nd is three times greater than FAP: Nd so that heat may be more easily removed from YAG: Nd than from FAP: Nd lasers. However, the heat input per unit volume for a given average output power in a laser configuration may be made small for FAP: Nd lasers by using long rods. The low anisotropy of both the index of refraction and the thermal expansivity of FAP is important since the optical distortion of the material due to thermal effects is related to these parameters.
Spectroscopic Properties
The fluorescence spectra from Ca 5 (PO 4 )3F: Nd at 300 0 K are shown in Fig. 1 . For clarity, the a-spectrum (EIc) is drawn 2.5 times more intense relative to the r spectrum (Ellc) than is observed. The intensity of the principal emission line at 1.0629 ,u is 2.6 times stronger in 7r polarization than in a polarization. It is about 6 A wide. The fluorescence of FAP: Nd is somewhat unique compared with the fluorescence of Nd 3 + in many other host crystals in that a larger fraction of the emitted quanta is found in a single line. This statement is made quantitative in the next section in one particular case by comparing the fluorescence of Nd'+ in YAG and in FAP.
The excitation spectrum of the 1. 0 6 29 -u fluorescence line from Nd' + in FAP is illustrated in Fig. 2 . The influence of the spectral variation of the exciting photon flux has been removed from the shape of this curve, so the amplitude shown in Fig. 2 is proportional to the absorption of the crystal and its spectral quantum efficiency. The measured absorption spectrum of the * The fluorine ion and four of the oxygen ions are about 2.3 A from the Ca ii site, another oxygen is 2.7 A away, and four more oxygen ions are about 3.1 A away.
t Six oxygen ions are about 2.3 X from the Ca I site and three oxygen are 2.7 X away. Fig. 1 . Fluorescence spectra from Ca5(PO 4 )3F:Nd at 300'K. The amplitude has been corrected for the spectral quantum sensitivity of the spectrometer and detector system. The amplifier gain for the Ejc spectrum was 2.5 crystal has the same shape as the excitation spectrum, which implies that the quantum efficiency is independent the exciting wavelength. The energy levels of Nd'+ in Ca 5 (PO 4 )3F have been determined by low temperature fluorescence and absorption studies. The spectrum of Nd'+ is particularly rich in lines, and only those details of the spectra pertinent to the laser performance are reported in this paper. The relative peak intensities, polarizations, and line widths of the fluorescence lines from FAP: Nd at 77 0 K are tabulated in Table II . At attempt was made to distinguish lines due to purely electronic transitions from the vibronic lines and from those satellite lines due to Nd'+ not at its most common substitutional site. There are various techniques which may be used to discover which lines are vibronic,' 0 such as the mirror symmetry about the electronic lines if the vibrational modes interact with the upper and lower states of the transition in the same manner. However, it was not possible to classify unambiguously all the lines by this technique qwing to the complex spectra arising from the overlap of the electronic and vibronic lines. Therefore, we have simply selected the strongest and narrowest lines as electronic transitions (considering spectra obtained at 2 0 K and 4K as well as 77 0 K), marking borderline cases as uncertain.
The crystal symmetry at either calcium site allows the degeneracy of the free ion states to be split into a set of Kramer doublets. Therefore, the ground state, 4I9/2, splits into five levels, the next excited state, I11/2, splits into six levels, and the 4 F3/ 2 state splits into two levels. Figure 3 illustrates part of energy level structure determined by both fluorescence and absorption spectra. The levels indicated by dashes have not been clearly identified as purely electronic levels; they may involve vibrational energy. The transition that has participated in stimulated emission is illustrated in Fig. 3 by the large arrow. .9 The amplitude has been
The relative intensities of the spectral lines are the same in both the axial and a-spectra, which means that the transitions have electric dipole character. iN\one of the lines listed in Table II are 100% polarized, although three electronic transitions have a ratio of six or more between the intensities of the two polarizations. There is a small possibility that scattering by crystal imperfections has caused some depolarization of the 
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. 3 .4 observed fluorescence, although tests indicate that a depolarization by more than a few percent due to scattering should not occur with the crystals used. The fact that 100% polarized lines are not observed either in fluorescence or absorption is consistent with the hypothesis that Nd'+ substitutes at Ca ii sites Cl,; symmetry by the following reasoning.
All of the spin doublets in Nd'+ transform" as the F3 and F 4 complex conjugate representations of the Cl, group. Since r3 and F4 states are degenerate, dipole matrix elements between any two pair of (r3, r 4 ) states are nonzero for both polarizations, which means that partially polarized spectra should be observed if Nd'+ ions are in C1, symmetry. On the other hand, if Nd 3 + substitutes at Ca i sites having C3 symmetry, the spin doublets transform either as the complex conjugate representations I. and Fd or as the F 6 representation.
Transitions between r 6 -r 6 are 7r polarized, those between F',-(r 4 , r5) pairs are 7r polarized, and those between (r 4 , F,)-(r 4 , r5) pairs are partially polarized.
Therefore, many of the spectral lines would be 100% polarized if Nd3+ ions are in C3 symmetry, which is contrarv to our data.
It is possible that the symmetry of a Ca site is disturbed when Nd3 + is at that site due to a nearby charge compensating ion. However, a comparison of the spectra from several crystals of FAP: Nd, both with and without charge compensating ions such as sodium and potassium added to the melt, revealed only very small changes in the spectra. Some of the samples have about 1% of their emission appearing as very weak lines which might be attributed to Nd'+ in sites which differed from those containing most of the Nd'+ ions. The conclusion that Nd'+ primarily substitutes at the Ca ii sites is in agreement with the spin resonance spectra of Nd 3 + in FAP recently measured by Wagner. 2 
Spectral Quantum Efficiency
Although the shape of the fluorescence spectrum of FAP:Nd suggests that the stimulated emission cross section is high at 1.0629 .i, particularly for 7r polarization, the fluorescence quantum efficiency is required to determine the importance of nonradiative decay processes. The spectral quantum efficiency of a crystal of FAP: Nd (0.4 at. %) was obtained relative to a crystal of YAG:Nd (1.3 at. %), each crystal being in the form of a 6-mm X 3-mm X 3-mm slab. More specifically, we determined the relative fluorescence rate at the peak of strongest emission line in each material (1.0629 /.i for FAP: Nd and 1.0642 gu for YAG: Nd) * for the same rate of absorption of exciting photons by each material. This quantity multiplied by the inverse square of the index of refraction ratio is equal to relative stimulated emission gain of the two materials (near threshold) for the same power absorbed.
Two independent measurement techniques were used to compare the two crystals. In the simplest method, each crystal was excited in turn by 5222-A radiation (100-A bandwidth) and the fluorescence intensity at the peak of the main line of each was measured using about 1-A resolution on the spectrometer. Emission from the FAP:Nd crystal was observed along the c axis so that only a-polarization was detected. The intensity from YAG: Nd was multiplied by 1.28 , the square of the index of refraction ratio, i.e. (1.82/1.63)2, to account for the smaller internal solid angle used to collect the fluorescence from YAG: Nd. The transmission of the exciting light as determined by a sample in, sample out method, was 69% for each sample. After correcting for Fresnel surface reflection, the absorption ratio was known. Dividing the fluorescence intensity ratio by the relative absorption gave the result that the -polarized emission from FAP:Nd is 0.85 as intense as the emission from YAG: Nd for the same absorption. Since 7r polarized fluorescence from FAP:Nd is 2.6 times more intense than the a fluorescence, the 7r polarized fluorescence from FAP: Nd is 2.3 times greater than from YAG: Nd at the peak of the main emission line of each for the same absorption.
The second method required a careful measurement of the shape of the total fluorescence spectra at room temperature from the two crystals. The analysis of the spectra revealed that 33% of the r polarized fluorescence from FAP: Nd is emitted in the principal line compared with 18% in the main line from YAG: Nd. Using a carefully controlled geometry, the * Reference 3 reports laser emission from YAG: Nd at 1.0648 p. However, we measure 1.06415 p on two independently calibrated spectrometers. relative intensities from the two crystals were mea sured using an interference filter to collect the fluorescence. Since this filter passed several lines, appropriate calculations were required to obtain the relative peak intensity. The result was that FAP: Nd (0.4%) has a peak intensity for r polarization that is 2.9 times that from YAG: Nd (1.3%) for the same absorbed power.
APPLIED OPTICS
Averaging the results of the two methods gave 2.65 times higher peak intensity in 7r polarization from FAP: Nd than from YAG: Nd. However, our decay time measurements indicate that the YAG: Nd (1.3%) crystal has only about 80% of the quantum efficiency of YAG having 0.7% Nd. Therefore, at low concentrations, the fluorescence intensity of FAP: Nd (r) is 2.1 0.3 times that of YAG: Nd for the same absorbed power, and thus the gain for r polarized radiation in FAP: Nd is 2.7 lt 0.3 times that in YAG: per unit absorbed power.
The laser transition cross section at the peak of the line was determined by measuring the absorption of r polarized light by a 5-cm long rod at 297°K. An absorption coefficient of 0.008 cm-' was found at 1.0629 ,g for a rod containing 2.1 X 102° Nd ions/cm'. The population density of the level 1904 cm-' above the ground state at kT = 207 cm-' is N[exp (-1904/ 207 ) ]/Z, where Z is the partition function 101 exp [-Ei/kT] . At 297 0 K we find Z = 1.33 using the level scheme in Fig. 3 . The population density of the 1904 cm-' level is then 0.75 X 10-4 of the total population at 297 0 K, i.e., 1.6 X 1016 ions/cm'. Therefore, the peak absorption cross section a-L,, of the laser transition is (5 1) X 10-'s cm'. This number is of limited use in calculating the pumping power required to reach threshold since the constant of proportionality between the electrical power to a lamp and the population inversion is very difficult to calculate for the complex absorption spectrum of FAP:Nd.
We also may calculate the radiative transition rate r from the absorption cross section by the relation": (1) where n is the index of refraction, v is the frequency in cm-', and we assume the degeneracy of the upper and lower state is the same. This relationship should hold for the radiative transition rate of the laser transition, but a comparison of that rate with the measured decay rate requires a detailed knowledge of the fluorescence spectra. The total radiative transition rate is the sum of rates of all the transitions from the emitting states. In addition, the relative intensities of each of the fluorescence lines are proportional to their relative transition rates. We determined from the room temperature fluorescence spectra that the number of photons of both polarizations emitted at 1.0629 is 0 tor mirrors and the same pumping cavity. We believe that the differences observed are entirely due to the material properties of the rods studied and that the conditions of the tests do not affect the comparison.
The YAG: Nd rod used for comparison was commercially purchased* in 1966. It had a laser threshold and efficiency under pulse excitation which equaled or exceeded several other YAG: Nd rods which were tested. Therefore, we believe the rod is of a quality at least typical of many YAG: Nd laser rods. However, YAG: Nd rods having much lower scattering loss than our material have been reported. ' 4 The effect of scattering on our comparison is discussed.
In making the comparison tests the laser rods, having flat and parallel ends, were placed in a 28-cm resonator cavity which had external plane dielectric-coated mirrors. One mirror was 99% reflecting; the output mirror was selected from one of several mirrors having reflectivities from 35%^ to 99%. The laser rods were excited by a PEK Xe 1-3 flashlamp (5-mm diam and 75-mm long arc) having a flash duration of 800 ,usec. The pumping enclosure was a 70-mm i.d., aluminized glass cylinder 75 mm long. The laser rods were surrounded by a 1.5-mm thick, 50% aqueous solution of sodium nitrite which filtered out the uv and completely prevented the rods from coloring." Output power was observed with a phototube, and output energy was measured with a TRG model 100 thermopile. We have found that the results obtained with this apparatus are reproducible to 5%.
The threshold pump energy for laser action and the output energy for a range of pump energies were measured for each of four FAP: Nd rods and the YAG: Nd rod using eight different values of the output resonator reflectivity. Each of the rods had a maximum slope efficiency (differential output energy/input energy) when tested using the 35% reflecting output mirror. Figure 5 illustrates the measured output energy from * Electronics (formerly Linde) Division of Union Carbide Corporation. the YAG: Nd rod and two of the FAP: Nd rods (using the 35% reflecting resonator) as a function of the energy input into the lamps. The data from the other two FAP: Nd rods lies between the plotted curves. In Fig. 5 the energy input was considered equal to the initial energy stored in the capacitor without correction for electrical losses or incomplete capacitor discharge.
It is clear from Fig. 5 that the FAP: Nd rods have lower thresholds and equal or higher efficiencies than the YAG: Nd rod. The variation among the FAP: Nd rods have some correlation with the optical quality. The qualitative observation of the large angle scattering of a He-Ne laser beam (6328 A) propagating down each rod showed that all FAP: Nd rods scattered more than the YAG: Nd rod. However, the more efficient FAP: Nd rods had smaller scattering than the less efficient FAP: Nd rods.
Quantitative comparisons of the losses and gain during laser operation were obtained by use of the wellknown technique relating losses and laser thresholds. ' 6 To review, at threshold, the following relation holds':
where a = gain coefficient; a, = distributed loss coefficient (including scattering and absorption at the laser wavelength); L = length of laser material; T = single pass transmission within the laser cavity excluding distributed losses; and R1,R 2 = resonator reflectivities.
For a four-level material, i.e., one with no population in the terminal state of the laser transition,
where a = transition cross section of the laser transition; Nf = population density of the initial state of the laser transition at threshold; ET = threshold energy into excitation lamp corrected for spectral variations of the lamp with energy; and C = proportionality constant: gain per unit pump energy. In real four-level aser material there is a small terminal state population so that, while the second half of Eq. (3) may be valid, the first half should be written: a = o- (Ni -N,) , where N, is the terminal state population density weighted by the ratio of the degeneracies of the initial and final states. We continue to use Eq. (3) and include the effective absorption o-N, in with the distributed loss coefficient.
The spectral distribution and pulse duration of the lamp is not constant at very low values of ET, and this is one cause of nonlinearity between Nf and ET. This effect has been corrected for by observing the integrated fluorescence signal from the crystals (without resonators or pumping reflectors to keep the stimulated emission negligible) as a function of ET and then correcting the values of ET to maintain linearity. This correction was significant, amounting to an effective ET that was 3.2 J less than the energy stored in the capacitor for all values of stored energy above 8 J. Examples of lower values of the effective lamp energy are 0.8 J for 3-J stored energy and 2.2 J for 5-J stored energy. By substituting Eq. (3) into Eq. (2) and rearranging terms, we obtain:
. (4) A linear relationship between ET and -(2L) -lnRR 2 should be observed with an intercept at ET = 0 of ao = a, -L in T. The value of ase is an effective distributed loss coefficient indicative of crystal quality. Although we attempted to have T = 1, scattering at the crystal face or Fresnel reflection at the crystalair boundary may have made T < 1. Furthermore, as Findlay and Clay' 6 have pointed out, the external reflectors and the plane ends of the rod may form a FabryPerot system with a higher effective reflectivity than given by R1R 2 . However, no change in ase was noted whether or not the rods were antireflection-coated so that our calculations of a, assume T = 1 and use the actual values of RI and R 2 . Note that an a, value obtained from threshold measurements is for the best path or filament through the rod; the average quality of the rod may be considerably poorer.
The factor C, which has also been experimentally determined from the dependence of ET on -(2L)-lnRR 2 , is the gain coefficient per joule of pump energy. Although C will depend on the efficiency of the pumping cavity, the spectrum of the lamp, and the pulse duration, a comparison of its values between two materials reveals their relative efficiency of excitation of the best filament if the ratio of their cross sections a are known and they have similar decay rates.
A least squares fit of the corrected threshold measurements at eight values of output reflectivity was made to Eq. (4) using linear regression theory. There is a good fit of the data to Eq. (4) since the standard deviation of the linear fit from the measured values is less than 0.3 J for all samples, which is of the order of the experimental precision. The 50% confidence interval of the fitted parameters (which follow a chi square distribution) are: for C, about 5% of its value; for a,, about 10% of its value for all sets of data. Table III lists the calculated values of a and C, as well as the measured (uncorrected) threshold energies for 95% and 35% output reflectivity and the maximum slope efficiency obtained from each of the four FAP:Nd rods and one YAG: Nd rod.
In addition to the threshold and output energy measurements, the beam divergence of each of the FAP:Nd laser rods was determined. The definition of beam divergence is not obvious for a multimode, multilobe, laser beam. However, the photographs of the laser output from our rods showed spots that were roughly circular. Therefore, we define the beam divergence as the full angle in the far field which contains 50% of the output energy. The measurement was made using a long focal length lens, variable apertures, and the TRG termopile. Typical values for the beam divergence from our FAP: Nd rods are between 3 mrad and 6 mrad.
Discussion of Pulse Laser Tests
The loss coefficients reported in Table III are relatively large for good laser crystals. For example, some YAG: Nd rods have been reportedl 4 to have losses less than 0.001 cm-'. The value of 0.01 cm-' for our YAG: Nd rod may be an upper limit due to the measurement technique; the 28-cm spacing between plane resonators accentuates the effects of small angle scattering. Thus, even the best filament through the rod may show a larger scattering loss than would be measured using a smaller cavity with curved mirrors. The crystal quality of the FAP: Nd crystals tested is not as good as the quality of the YAG: Nd crystal. The loss coefficient of the FAP:Nd rods is several times the limit of 0.008 cm-' expected from the absorption due to excitations from the terminal state at room temperature.
The value of C, the gain coefficient per input joule, is about four to five times larger for the FAP: Nd rods than for the YAG: Nd rod. Using the relationship between the excited state population at threshold and the pumping energy, as expressed by Eq. (3), we calculate that N 6 X 1016 ET for FAP:Nd and Ni -: 3.5 X 10"6 ET for YAG: Nd in our apparatus. Since the decay times of the rods are almost equal, the greater excited state population achieved in FAP: Nd for the same excitation must be due to a greater absorption of the pump radiation by FAP: Nd than by YAG: Nd. This is confirmed by the higher slope efficiencies of the FAP: Nd laser rods.
The maximum slope efficiency and the value of C obtained from threshold measurements are related. Before coherent oscillations begin, the energy released by the crystal from the upper state is equal to:
wlere V is the crystal volume. When pumping at the threshold energy we approximate fN(t)dt by NiT rather than solve the differential equation involving the decay time and time dependence of the lamp, e.g., for the S00-Msec lamp pulse we estimate T = 400 psec, when we use the threshold population density for Nd. Substituting for Nd from Eq. (3) and assuming 100% quantum efficiency, the fluorescence energy at threshold equals:
Above threshold, neglecting scattering, the excess pump energy appears as laser output for high output coupling. Therefore, the slope efficiency q, should be expressed by:
With C = 0.03 cm-' J-' for the FAP:Nd rods in our pumping cavity, we obtain -a, n 2%0, close to the measured values shown in Table III . Since only 0.75 of this is expected for a = 0.05, L = 3.8 cm, R, = 1, and R2 = 0.35 by the theory of Miles and Goldstein,' 7 the agreement is even closer. Many of the results of the pulse tests discussed above are dependent on the pumping configuration and the size of the laser rods. They are of general interest in that they demonstrate a consistency with the spectroscopic measurements and they also allow a comparison with a YAG: Nd laser rod. The scattering of the YAG: Nd rod appears small enough to have a negligible effect on its slope efficiency. On the other hand, the slope efficiencies of the FAP: Nd rods clearly area ffected by scattering of the stimulated emission since the higher efficiency rods have a smaller average scattering loss. Note that the average scattering loss through the rod is somewhat greater than the loss in the best filament as evidenced by the curvature of the output vs input curves (shown in Fig. 5 ) near threshold.
Higher efficiencies are usually obtained with larger sizes of laser rods since better coupling to the pump lamp is possible. As an example, a FAP: Nd rod 6.3-mm diam by 250-mm long was tested in a close coupled pumping cavity: a block of magnesium carbonate hollowed to contain a flashlamp and rod. With one 99% reflecting external mirror and the Fresnel surface reflection as the output reflector, a slope efficiency of 8%, and an over-all efficiency of 6.3% at 10.7-J output was reached. The laser output vs energy input for this rod is illustrated in Fig. 6 .
Continuous Laser Characteristics
Several FAP: Nd rods have been made to oscillate continuously at room temperature using tungsten lamp excitation. The data at this time are not as extensive as those from the pulse laser tests. The pumping cavity used for these experiments was designed more for repeatability of pumping than for efficiency of pumping. For example, in a highly efficient 15-cm spherical pumping cavity," a particular 2 mm X 20 mm FAP: Nd rod has a threshold of 145 W when excited by a tungsten iodide lamp rated at 100 W. However, the same rod in a 10-cm diam by 5-cm long aluminized cylindrical cavity has a 590-W threshold when excited by a tungsten iodide lamp rated at 500 W. These values were obtained using dielectric reflectors on the rod ends, one with a 50-mm radius of curvature and 99.9% reflecting and the other flat and 99.1% reflecting.
The cylindrical pumping cavity was used for comparative testing of various FAP: Nd and YAG: Nd rods. External dielectric reflectors of 99.9% and either 97% or 99% reflectivity were used for the resonator cavity. These mirrors have a 31.7-cm radius of curvature and were spaced 16 cm apart. Each laser rod had flat ends on which was evaporated an antireflection coating of MgF2. The tungsten iodide pumping lamp has a 2-mm diam by 50-mm long filament rated at 500 W. The results of the continuous tests are tabulated in Table IV . The observed threshold power into the lamp, the laser output power with 1 kW into the lamp, and the maximum slope efficiency of each rod are reported. The threshold powers of the FAP: Nd rods are about 80% of the threshold obtained by extrapolating the linear region of output vs input power to zero output. This indicates that the average losses are greater than those of the best filament.
The maximum slope efficiencies are more than an order of magnitude less than can be obtained in an efficient pumping system using longer rods and more nearly optimum output coupling.
However, the significance of Table IV lies in the comparison between the various rods. The threshold powers of the various rods are not considerably different, yet the YAG:Nd rod has 1.3 times the efficiency of the highest efficiency FAP: Nd rod. This is not in accordance with the pulse laser tests. The explanation may be found by considering the output coupling in the presence of losses. The effective output coupling is'
It is clear from Table III that the slope efficiency obtained from the pulse tests is smaller for rods having higher scattering losses, in spite of the fact that these slope efficiencies were obtained using a high output coupling [for R = 0.35 and aL = 0.2, the output coupling from Eq. (8) is 0.73]. The coupling is very low during the continuous laser tests (for 97% reflectivity and aL = 0.2, the output coupling is only 0.07) and thus the internal scattering of the stimulated emission has a significant effect upon the slope efficiency. The pulse laser tests indicated that FAP: Nd has four to five times greater gain than YAG: Nd when excited by the same energy into a xenon-filled flashlamp. This factor is probably not greatly different for tungsten lamp excitation. Therefore, the higher gain of FAP: Nd is just sufficient to compensate for its higher losses so that the FAP and YAG rods have similar cw threshold powers. However, the higher scattering losses of the FAP: Nd rods reduce their output efficiencies to a greater extent than those of YAG: Nd.
Conclusions
The analysis of the spectroscopic and laser test results indicate'that neodymium-doped calcium fluorophosphate (FAP: Nd) has emission and absorption properties that make it useful as a crystalline laser material. It has a higher gain at the laser transition than YAG: Nd for equal energy into the pumping lamp and a higher efficiency than YAG: Nd under pulse excitation. The reason for the intrinsically higher gain and efficiency of FAP: Nd over YAG: Nd may be traced back to the fluorescence and absorption spectra. The low symmetry of the Nd site in FAP causes many overlapping lines to appear in the absorption spectrum, and that results in a relatively high average absorption of broad band pump radiation. In addition, a relatively large fraction of the fluorescence of FAP: Nd appears in a single line in one polarization. This fact means that the intrinsic gain per unit absorbed pump power is high. The decay time of FAP: Nd is almost equal to that of YAG: Nd since the total oscillator strengths of the transitions from the 4F3/2 state to all lower states and the quantum efficiencies are about equal in the two materials.
The crystal quality of FAP: Nd has not yet been perfected to that of the best YAG: Nd laser crystals. Owing to the losses, the efficiencies of continuous FAP: Nd lasers are not as high as the efficiency of a comparable size YAG:Nd laser. It is not yet clear whether the lower thermal conductivity of fluorapatite will prove an ultimate limitation on continuous laser output power, or whether this may be overcome by using long laser rods so that the heat absorbed per unit volume may be kept small. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 446 
